The structure of fluctuations in the Large Mirror Device-Upgrade (LMD-U) depends on the neutral density. In this study, we focus on the high neutral density plasma in which the potential and density fluctuation waveforms are nontrigonometric functions similar to sawtooth waves, and peaks in the power spectrum lie along a straight line when plotted as frequency versus wavenumber. Two-dimentional auto and cross bispectral analyses ofĨ is and/orṼ f , which consider both the matching conditions for both the azimuthal wavenumber and the frequency, have been performed; significant couplings are observed at particular peak frequencies. Similarities and differences between the auto and cross bicoherence ofĨ is and/orṼ f are discussed.
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Introduction
Recent progress in theoretical and experimental work on plasma turbulence has indicated that mesoscale structures such as zonal flows and streamers are produced by nonlinear mode coupling in drift wave fluctuations. In addition, better understanding of plasma turbulence is considered essential for improving our ability to predict anomalous transport in magnetically confined plasmas. For example, the existence of zonal flows is regarded as crucial to controlling magnetically confined plasmas and realizing a thermonuclear fusion reactor [1, 2] . Thus, understanding nonlinear mode coupling in drift wave fluctuation is essential [3] [4] [5] [6] [7] [8] .
Bispectral analysis is useful for investigating nonlinear coupling among three waves that satisfy matching conditions for frequency and/or wavenumber. In a drift wavezonal flow system, energy is exchanged between the zonal flows and the drift wave turbulent fluctuations through three-wave coupling. Thus, coupling between zonal flows and turbulent drift wave fluctuations is observed by applying bispectral analysis [9] . The envelope modulations of turbulent drift wave fluctuations are observed. Moreover, bispectral analysis is used to identify the mutual interaction of drift waves [9] [10] [11] [12] [13] . A convergence study of bispectral analysis results [14] has indicated that a large number of repetitions are required to obtain a precise value for the author's e-mail: kobayashi@riam.kyushu-u.ac.jp bicoherence. Low-temperature fundamental plasmas are very useful because the results of bispectral analysis are highly reproducible. Here, bispectral analysis is applied to low-temperature Large Mirror Device-Upgrace (LMD-U) plasma, and many mutual couplings between density fluctuations are identified [13] . In addition to bispectral analysis, cross bispectral analysis between potential and density fluctuations is used to study the coupling between the zonal flows/geodesic acoustic modes (GAMs) and drift wave fluctuations. The cross bicoherence between potential and density fluctuations has not been reported previously for the mutual interactions between drift wave fluctuations. This paper focuses on these mutual interactions. We calculate not only the auto bicoherence of density fluctuations but also the auto bicoherence of potential fluctuations and the cross bicoherence between potential and density fluctuations.
Bispectral Analysis
The auto bispectrumB of the potential fluctuations, which expresses the contribution of the fluctuation energy of three waves to the entire fluctuation energy, is defined asB
where
is the Fourier transformed expression for a temporal waveform of the potential fluctu-ationφ(t). Though we may represent the strength of threewave coupling by the auto bispectrum, it is usually complex and inconvenient to use it to describe the coupling state of the fluctuations. Therefore, instead of the auto bispectrum, we can use the auto bicoherence, which indicates the correlation of the Fourier frequency components be-
. The auto bicoherence of the potential fluctuations is defined bŷ
In this paper, the auto bicoherence of the potential and density fluctuations are called the φ − φ − φ coherence and the n − n − n coherence, respectively. Moreover, we can adopt the cross bicoherence by replacingΦ( (1) and (2), which express the strength of nonlinear coupling between the potential and density fluctuations, hereafter called the φ−φ−n coherence and the n − n − φ coherence, respectively.
Experimental Setup
The plasma in the LMD-U is in a cylindrical vacuum vessel with a diameter of about 450 mm and an axial (z) length of 3740 mm; a schematic is shown in Fig. 1 . Plasma is produced using a 3 kW, 7 MHz rf source. The magnetic field is B = 0.09 T, The argon pressure in the source region is p = 5 mTorr, and the electron density and temperature of the LMD-U plasma are typically about 1 × 10 19 m −3 and 2-3 eV, respectively. In this experiment, relatively high neutral density plasma, in which the collisional drift waves are damped through electron-neutral and ion-neutral collisions, is used, unlike previous work in which relatively low neutral density plasma was used. Temperature fluctuation is assumed to be negligibly small; hence, the fluctuations in floating potential and ion saturation current are considered to be proportional to those of the potential and density, respectively. Fluctuations in the floating potentialṼ f and the ion saturation currentĨ is are measured simultaneously with 
Results
The time evolutions ofṼ f andĨ is are shown in Figs. 2 (a) and (b) , respectively. Figure 2 (c) shows the normalized auto power spectra of eṼ f /T e andĨ is /Ī is , where e is the elementary charge, and T e is the electron temperature. Figure 2 (d) shows the ratio of the normalized fluctuation levels. The dashed violet line in (d) indicates a ratio equal to 1, which is characteristic of drift waves. The crosscoherence and cross-phase betweenṼ f andĨ is are calculated at one point in 64 channels, as shown in Fig. 2 (e) . V f andĨ is are not measured at same position; hence, the value ofṼ f at the measuring point forĨ is is estimated by averaging theṼ f values of two adjoining probes. The twodimensional (2D) (frequency f and poloidal wave number k θ ) power spectrum of the potential and density fluctuations is also calculated from these spatiotemporal data; its peaks lie along a straight line for frequency versus wave number, like a solitary wave [15] .
The spectra of the potential and density fluctuations are characterized by a peak at the fundamental mode f = 1.20 kHz, m = 1, and its harmonic modes (when the frequency and wave number are nearly proportional, as in a solitary wave). Some side-band modes also appear around each peak. Up to the second harmonic wave, the phase between the potential and density fluctuations is almost zero. On the other hand, the phase of the potential fluctuation is delayed by about π from that of the density fluctuation in the modes where f > 3 kHz. The magnitude of the normalized auto power spectrum of the density fluctuation is Hz component is regarded as noise from a commercial frequency. As a result, the fundamental mode and its harmonic mode seem to be neither the drift mode nor the flute mode, but another type of instability. Figures 3 (a)-(d) show the squared auto or cross bicoherence of the φ − φ − φ, n − n − n, φ − φ − n, and n − n − φ coherence, respectively. The level of squared bicoherenceb 2 ( f 3 ) is indicated by the color bar at the top. The effect of noise on the coherence is suppressed depending on the inverse of the ensemble number 1/N when N is sufficiently large. In this paper, the significance level of bicoherence is estimated to be ∼ 1.3 × 10 −3 . The vertical and horizontal axes indicate f 1 and f 2 , respectively, and f 3 is determined by the matching condition f 3 = f 1 ± f 2 . The matching condition f 3 = f 1 − f 2 is called subtractive coupling, and f 3 = f 1 + f 2 is referred to as additive coupling in this paper. Figure 3 (e) shows the f 3 dependence of the total bicoherence, i.e., the intensity of coupling among the f 3 mode and all other mode combinations satisfying the matching conditions. Modes that have a high total bicoherence couple nonlinearly with the two other modes that satisfy the matching conditions. According to Fig. 3 (e) , significant couplings occur to the f = 0.366 kHz mode and some side-band modes and to the fundamental mode and its harmonics. The total bicoherence at low frequency ( f 3 < 5 kHz) has remarkably strong peaks. The φ − φ − φ curve is similar to the φ − φ − n curve, and the n − n − n curve is similar to the n − n − φ curve in this frequency range. This tendency is believed to be caused by the high cross-coherence between the potential and density fluctuations at low frequency [ Fig. 2 (e) ]. The total bicoherence at the peak is comparatively suppressed at high frequency ( f 3 > 5 kHz) relative to that at low frequency. For the case of the n − n− n curve alone, the peaks become broad bands; the similarities at low frequency dissapear. Figure 4 shows the f 1 dependence of the bicoherence with respect to a constant f 3 . The value of f 2 is determined by f 2 = f 3 − f 1 to satisfy the frequency-matching condition. The four curves in Figs. 4 (a) and (b) correspond to Figs. 3 (a)-(d) . The width of the fundamental frequency and the f = 0.366 kHz, m = 0 mode are represented by long and short arrows, respectively. In addition, the violet and brown dashed lines indicate the frequency of the harmonic mode and its side-band mode, respectively. The value of f 3 we selected is indicated by the blue dashed line. Modes to the left of this line represent a additive coupling, and those to the right represent a subtractive coupling to produce the constant frequency mode we selected. Figure 4 shows (a) the bicoherence for f 3 = 4.76 kHz, m 3 = 4, which is the fourth harmonic wave of the fundamental mode, and (b) that for f 3 = 2.75 kHz, m 3 = 2, which is a side-band mode. Figure 4 Fig. 2 (d) ], the levels of the φ−φ−φ and φ−φ−n coherence, which are calculated using the potential fluctuation as the f 1 and f 2 components, are higher than that of the other two combinations, which use the density fluctuation as the f 1 and f 2 components. At other frequencies, the levels of the φ−φ−φ and φ−φ−n coherence are lower than that ins the other two combinations. On the other hand, the side-band mode couples with the f 1 = 0.366 kHz, m 1 = 0 mode and a harmonic mode adjoining this side-band mode, shown as point D ( f 1 = 2.38 kHz, m 1 = 2, second har- monic wave, and f 2 = 0.366 kHz, m 2 = 0) in Fig. 4 (b) . In addition, coupling with the other side-band mode and harmonic mode is also dominant, as shown by point C ( f 1 = 1.53 kHz, m 1 = 1, the side-band mode of the fundamental wave, and f 2 = 1.20 kHz, m 2 = 1, the fundamental wave). The levels of all four curves are similar at low frequency. In contrast, the level of the n − n − n curve is similar to that of the n − n − φ curve, and that of the φ − φ − φ curve is similar to that of the φ − φ − n curve at high frequency. In addition, the n − n − n curve and n − n − φ curves lie above the φ − φ − φ and φ − φ − n curves. These couplings clearly satisfy the matching conditions for not only the frequency, but also the wavenumber, which is shown in Figs. 4 (c) and (d).
Summary
This study investigated turbulence structures in high neutral density plasma in the LMD-U. In low neutral density plasma in the LMD-U, a streamer has been observed [13] . However, no streamer has been observed in high neutral density plasma. Mutual interaction between drift wave fluctuations is observed in both high and low neutral density plasmas. In addition, the bicoherence of the potential fluctuation and the cross bicoherence between the potential and density fluctuations are observed by simultaneous measurement of the potential and density fluctuations with a 64-channel azimuthal poloidal probe array. The results allow us to discuss the similarities and differences between the auto and cross bicoherence and the density bicoherence. In summary, the bispectral analysis shows that two types of significant nonlinear coupling exist; that related to the fundamental/harmonic modes [ Fig. 4 (a) ], and that related to the side-band modes and the f = 0.366 kHz, m = 0 mode [ Fig. 4 (b) ]. In the former case, although the level of bicoherence of the φ−φ−φ and φ−φ−n coherence is higher than that of other two combinations at f 1 = 0.793 kHz and f 1 = 1.53 kHz, this order is reversed at other frequencies.
In the latter case, the level of bicoherence of all four combinations is similar at low frequency ( f 1 < 5 kHz). In addition, the levels of the n − n − n and n − n − φ coherence are above those of φ − φ − φ and φ − φ − n coherence at high frequency ( f 1 > 5 kHz). The total bicoherence at low frequency has steep peaks. In contrast, at high frequency, the total bicoherence is relatively smaller. Only the n−n−n coherence indicated the broad band coupling shown to exist at high frequency.
